We predict the number of black holes with stellar companions that are potentially detectable with Gaia astrometry over the course of its five-year mission. Our model estimates that nearly 2×10 5 astrometric binaries hosting black holes and stellar companions brighter than Gaia's detection threshold, G ∼ 20, should be discovered with 5σ sensitivity. Among these detectable binaries, systems with longer orbital periods are favored, and black hole and stellar companion masses in the range M BH ∼ 6 -10 M and M * ∼ 1 -2 M , respectively, are expected to dominate.
INTRODUCTION
Stellar evolution models, chemical enrichment by supernovae within the Milky Way, and gravitational microlensing events all indicate that a population of about ∼10 8 -10 9 stellar-mass black holes resides in our Galaxy (Shapiro & Teukolsky 1983; van den Heuvel 1992; Brown & Bethe 1994; Samland 1998; Agol et al. 2002) . And yet, despite such high estimates, fewer than fifty stellar black hole candidates have been studied and confirmed, all of which are in X-ray binary systems (Lewin & van der Klis 2006; Casares 2007; Fender, Maccarone, & Heywood 2013; Narayan & McClintock 2013) . We are therefore left to wonder, where are all these "missing" black holes and how can we observe them?
While black holes in binary systems with ongoing mass transfer have been preferentially detected via X-rays, we expect that at any given moment, a dominant fraction of stellar black holes reside in binaries with no substantial Xray emission. The binary system may be an X-ray transient, undergoing dramatic episodes of enhanced mass-transfer followed by quiescent phases where the X-rays switch off and the flux drops by several magnitudes; all known low mass black hole binaries (LMBHBs) fall into this category, demonstrating transient behavior (Tanaka & Lewin 1995; White, Nagase, & Parmar 1995; McClintock & Remillard 2005) . Menou, Narayan, & Lasota (1999) suggested that there may be a population of persistent LMBHBs that are simply dim due to the very low radiative efficiencies of their advectiondominated accretion flow zones. These systems lack largeamplitude outbursts and thus remain difficult to detect with their persistent, yet faint X-ray emission.
There may be a significant number of stellar black holes residing in detached binary systems with companion stars nmashian@g.harvard.edu † aloeb@cfa.harvard.edu that have not yet reached, or may never reach, the evolutionary stage of transferring mass by Roche-lobe overflow to their compact primaries (Yungelson et al. 2006) . Karpov & Lipunov (2001) suggests the existence of hundreds of times more detached binaries composed of a massive OB star and a stellar-wind accreting black hole that remain impossible to detect through X-ray observations. The spherically symmetric accretion that takes place in these systems can only result in the effective generation of a hard radiation component if equipartition is established between the gravitational and magnetic energies in the flow. Given the magnetic exhaust effect operating in these binaries, such equilibrium is rarely established and most black holes in these systems remain unobservable (Karpov & Lipunov 2001) .
Given the difficulties associated with detecting stellarmass black holes in binary systems with no substantial Xray emission, we explore the possibility of discovering these elusive, compact objects through astrometric observations. Wyrzykowski et al. (2016) demonstrate this ability to detect dark stellar remnants through parallax microlensing events, particularly with the aid of future Gaia microlensing astrometric measurements. The recent advent of the European Space Agency mission Gaia (Perryman et al. 2001 ) is expected to transform the field of astrometry by measuring the three-dimensional spatial and velocity distribution of nearly ∼ 1 billion stars brighter than magnitude G ∼ 20 (Lindegren et al. 2016) . Over the course of its five-year mission lifetime, Gaia is expected to perform an all-sky survey, observing each source an average of 70 times and yielding final astrometric accuracies of roughly 10 µas (micro-arcsec) at G ∼ 13 mag, 30 µas at G ∼ 15, and 600 µas at G ∼ 20 (Gaia Collaboration et al. 2016) . By surveying an unprecedented 1% of the Galaxy's total stellar population with unparalleled precision, Gaia will not only confirm and improve upon observations of the few dozen active X-ray binaries that have already been closely studied, but it will also provide a unique arXiv:1704.03455v3 [astro-ph.HE] 30 May 2017 opportunity to detect astrometric binaries that have one invisible component, i.e. a black hole, by observing the motion of the visible companion around the system's barycenter.
In this Letter, we seek to estimate the number of black holes with stellar companions that are potentially detectable with Gaia astrometry. We outline the components of our model and explore the various constraints on the detectability of these binary systems in section §2. Our results are presented and discussed in section §3. We adopt a flat, ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s −1 Mpc −1 , consistent with the most recent measurements from the Planck satellite (Planck Collaboration et al. 2016) .
THE MODEL
To calculate the number of black holes we expect Gaia to detect astrometrically over its five-year lifetime, our model accounts for several limiting factors: (i) the fraction of stars assumed to end their lives as a black hole in a binary system with a fellow stellar companion; (ii) the fraction of those systems with stellar companions that are still shining and whose astrometric wobbles are thus detectable; (iii) the fraction of those systems with periods in the range that Gaia can observe given its mission lifetime and astrometric precision; and (iv ) the volume of space Gaia can probe given its detection threshold of G ∼ 20. We will now briefly discuss each factor in turn.
(i) Black holes with stellar companions The massive star progenitors of stellar black holes are commonly found in binaries, with galactic surveys yielding biascorrected spectroscopic binary fractions of 0.6-0.7 in the Milky Way (Kobulnicky & Fryer 2007; Sana et al. 2012; Dunstall et al. 2015; Sana 2017) . Kiminki & Kobulnicky (2012) suggest that the binary fraction among these massive stars may even be as high as 90% for systems with periods up to 10 4 years. The question then becomes whether these black hole progenitors keep their companions throughout the stellar evolutionary process. Various phenomena can lead to the unbinding of a binary, including dynamical interactions, mass loss, supernova explosions of either companion, and merging of the two sources. Fender, Maccarone, & Heywood (2013) estimate that about one quarter of Ostars merge with their companions during evolution and that nearly 50% of black holes have companions that undergo iron core-collapse supernovae (CCSNe), producing neutron stars with natal kicks that can unbind the system with their large velocities.
The formation of the black hole itself may disturb the binary system depending on the formation mechanism. For the lower mass end of black hole progenitors, a metastable proto-neutron star (PNS) is left behind by a weak CCSN and a black hole appears after fallback accretion of the part of the stellar envelope that was not successfully expelled by the supernova (SN) explosion. In the case of more massive stars with larger iron cores, successful SNe explosions are even more difficult to achieve and black holes are formed through accretion of the entire stellar material, either through direct collapse or as a result of failed SNe (Kochanek et al. 2008; Belczynski et al. 2010; Adams et al. 2016 ).
This notion that some massive stars undergo collapse without producing an explosion was first invoked by theorists to explain away difficulties in producing SN explosions in analytical models and hydrodynamic simulations (Woosley & Weaver 1986; Gould & Salim 2002) . Since then, failed SNe have gained ground as a possible mechanism for producing cosmological gamma-ray bursts (Woosley 1993) and as a potential solution to the "Red Supergiant Problem", referring to the statistically significant absence of higher mass ( 16 M ) red supergiants exploding as SNe (Smartt 2009 (Smartt , 2015 . Evidence in line with the suggestion that 16 M stars do not explode as optically bright SNe has been mounting in recent years. To date, there have been no observed Type IIP SNe with strong [OII] emission consistent with a zero-age main sequence (ZAMS) progenitor mass 16 M (Jerkstrand et al. 2014 ). Furthermore, Brown & Woosley (2013) found that Galactic abundances can be reproduced even if no stars with masses above 25 M contribute metals via SN explosions, a mass threshold that can be even lower if uncertain mass loss parameters and reaction rates are modified. Though simulations suggest that there is no single mass below which all stars explode and above which black holes form by implosion, typically 95% of stars that do explode have masses less than 20 M (Sukhbold et al. 2016) . For those stars that end up as black holes, which are most but not all stars with masses above 20 M , only a few were found to form black holes via fallback (Sukhbold et al. 2016) .
Given the theoretical predictions and supporting observations, we assume for the purposes of our calculation that progenitor stars with mass ≥ 20 M will collapse to form black holes without undergoing an explosion. The mass loss experienced by these black hole progenitors may effectively disrupt the binary if the system loses more than half of its mass suddenly during stellar collapse; in such cases, the newly formed black hole may receive a natal kick, enhancing binary disruption (Repetto, Davies, & Sigurdsson 2012; Lovegrove & Woosley 2013; Kochanek 2015) . On the other hand, if the progenitor loses its mass gradually, i.e. via wind, adiabatic invariants should be preserved and the binary separation will adjust accordingly to accommodate the mass loss, allowing the binary to remain gravitationally bound (Smith 2014) . The final fraction of stellar objects assumed to end their lives as a black hole in a binary system is thus,
where f is fudge factor accounting for the fraction of black hole progenitor stars that either never host a companion, or lose their companion over the course of stellar evolution. where k is set to normalize the distribution such that
(ii) Visible binary companions In order to detect a black hole via the astrometric wobble of its stellar companion, the star must still be shining, i.e. observable in the visual range. To determine the fraction of binary systems with stellar sources that are currently burning fuel, we adopt the simplifying assumption that the Milky Way stars follow the cumulative star-formation history of the Universe,
where R = 0.39 is the "return fraction", H(z ) = H0 Ωm(1 + z ) 3 + ΩΛ 1/2 , and the best-fitting comoving star formation rate density (Madau & Fragos 2016 ) iṡ ρ * (z) = 0.01 (1 + z)
If we express the fraction of baryons locked up in stars at a certain redshift as f * (z) = ρ * (z)/ρ b where ρ b = Ω b ρcrit, then the fraction of stars with ZAMS mass M * that are still "alive" today is given by
where the look-back time, tLB, is set to the stellar lifetime, tage(M * ). Stellar lifetimes were calculated using MIST models and the MESA stellar evolution libraries (Paxton et al. 2011; Choi et al. 2016; Dotter 2016 ) and f shining (M * ) is set to unity for stars with lifetimes that exceed the age of the Universe.
(iii) Accessible range of periods Binary surveys that probe massive stars often find a uniform distribution in log period, following what is commonly referred to asÖpik's law (Öpik 1924; Garmany, Conti, & Massey 1980; Kouwenhoven et al. 2007 ). We therefore adopt a log-flat distribution, p(log P ) ∝ (log P ) γ with γ = 0, to characterize the orbital period distribution of the binary systems under consideration.
For the astrometric signals of these binaries to be detectable by Gaia, the orbital periods should not exceed Gaia's mission lifetime, Pmax = tG = 5 years. There is also a lower bound on the range of accessible periods that is set by Gaia's astrometric precision at a given magnitude, αG(m) (Gaia Collaboration et al. 2016) . The astrometric signature of the binary, which must be at least as large as αG, is given by
where r denotes the distance of the binary system from the Sun, a * is the observable semi-major axis of the star's orbit projected onto the sky, and a is the corresponding semimajor axis of the relative orbit of the black hole and companion star, with masses MBH and M * respectively. Since a is related to the period P through Kepler's third law, the constraint on the astrometric signature, α ≥ αG, translates into a minimum detectable orbital period of
The Gaia data release has thus far only provided proper motions and parallaxes derived from the global astrometric solution. Since the effects of parallax are similar to those of a stellar wobble in a binary orbit, we adopt the parallax standard error (eqs. (4)- (6) in Gaia Collaboration et al. (2016)) as a proxy for αG, the astrometric accuracy; future data treatment will allow us to compute the orbital elements of binaries and break any degeneracies between these two effects.
Given that massive binary systems with orbital periods less than 1 day are extremely rare and more likely to be disruptively interactive, we set the minimum orbital pe-riod equal to 1 day if Pmin in equation (6) drops below this threshold.
(iv ) Volume of space probed by Gaia The final factor our model accounts for is the fraction of stars Gaia can probe given its detection threshold, m lim . A star of mass M * with a corresponding luminosity of L(M * ) can be observed out to a distance
where L(M * ) is computed using the previously mentioned MIST models (in units of solar luminosity). We model the stellar density profile with a double exponential thin and thick disk centered at the solar position in the Galaxy, (R , Z ) = (8 kpc, 25 pc), with scale lengths of h R,thin = 2.6 kpc and h R,thick = 3.6 kpc, scale heights of h z,thin = 0.3 kpc and h R,thick = 0.9 kpc, and a normalization of the thick disk (relative to the thin) of f thick = 0.04 (Jurić et al. 2008; Yoshii 2013) . Normalized further to yield a total stellar mass of M * ,tot = 6.08×10 10 M (Licquia & Newman 2015) , this stellar number density distribution takes the following form (in spherical coordinates),
where n0 ≈ 3 pc −3 .
Taking into account all these various limiting factors, the resulting total number of black holes we can expect Gaia to observe astrometrically over the course of its five-year mission takes the following form,
where ψ(MBH ) represents the black hole mass distribution adopted fromÖzel et al. (2010, 2012) , 
RESULTS & DISCUSSION
Using the model outlined above, we estimate the number of astrometric binaries with stellar black holes that Gaia can potentially detect with 5σ sensitivity. Figure 1 depicts the cumulative number of expected binaries with orbital periods less than some value P , assuming various limiting magnitudes in the G band, m lim . Out of the nearly 1 billion stellar sources that will be observed by Gaia, we expect to find ∼ 5800 binaries with periods 5 years that host a black hole (MBH ≥ 5 M ) and a stellar companion brighter than G ∼ 13. The distribution of orbital periods among these potentially detectable binaries with G 13 will be roughly uniform across the range 4 days P 5 years. Alternatively, if we observe stars as faint as G ∼ 20, corresponding to the magnitude threshold of Gaia, this number rises to Ntot(P ≤ 5 yr) = 2×10 5 , 0.02% of the surveyed sources. Correspondingly, inclusion of these fainter sources results in a period distribution among the detected astrometric binaries that is more heavily weighted towards longer orbital periods (Figure 1, right panel) . If the mission lifetime is extended to 10 years, Gaia may observe up to 3.4×10 5 astrometric binaries hosting stellar black holes. We also note that all of these conservative estimates for a 5σ detection may be modified by the fudge factor, f , introduced in §2, that accounts for black holes that end up 'isolated', either because their progenitor stars never hosted a companion or because they lost their companion over the course of stellar evolution. Figure 2 illustrates how these numbers vary instead with the mass of the black hole (top panel ) and stellar companion (bottom). The differential count per logarithmic interval in mass (plotted in the right panel), demonstrates that a significant fraction of the detected astrometric binaries are expected to have black hole masses between 6 and 10 M , reflecting the intrinsic black hole mass distribution which peaks in the range 5-7 M and rapidly decreases at larger masses (Özel et al. 2010; Farr et al. 2011) . The stellar companions in these detectable astrometric binaries are expected to have masses predominately in the solar range, with dN/d ln M * peaking around ∼ 1-2 M .
Astrometric observations provided by Gaia will yield the period of the orbital motion around a binary's barycenter, as well as α, the angular semi-major axis of the luminous companion's orbit. Kepler's third law, expressed in terms of these quantities, takes on the form,
where M dark and M * are the masses of the dark component and luminous stellar component, respectively. Astrometric and parallax measurements yield P , α, and r, while Gaia's low-resolution spectrographs will yield spectral typing for most stars, allowing M * to be calculated in many cases and the mass of the unseen companion, M dark , to be easily derived via eq. (12). Stellar-mass black holes can thus be identified astrometrically in systems where the proper motion of the star, implies the existence of a dark companion with M dark 3 M . The invisible companions of astrometrically observed metal-poor, low-mass stars ([Fe/H] < -1, M * < 1 M ) may be stellar remnants from the dawn of the Universe, offering to shed light on the formation of the first stellar black holes in the early stages of galaxy assembly and evolution. Conversely, astrometric binaries with a stellar black hole and a fellow high-mass stellar companion (M * > 20 M ) offer candidate systems for future gravitational-wave observations with the Laser Interferometer Gravitational Wave Observatory (LIGO) or eLISA (Christian & Loeb 2017) . By providing astrometric observations of nearly 1 billion galactic stars with unprecedented precision, Gaia promises to probe the stellar black hole population, a population that, despite its expected abundance, has mostly evaded detection thus far.
